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The detonation process is able to build new materials with a bottom-up approach. Diamond, the hardest 
material on earth, can be synthesized in this way. This unconventional synthesis route is possible due to the 
presence of carbon inside the high-explosive molecules: firing high-explosive mixtures with a negative 
oxygen balance in a non-oxidative environment leads to the formation of nanodiamond particles. 
Trinitrotoluene (TNT) and hexogen (RDX) are the explosives primarily used to synthesize nanodiamonds. 
Here we show that the use of nanostructured explosive charges leads to the formation of smaller detonation 
nanodiamonds, and it also provides new understanding of nanodiamond formation-mechanisms. The 
discontinuity of the explosive at the nanoscale level plays the key role in modifying the diamond particle size, 
and therefore varying the size with microstructured charges is impossible. 

Synthesis of detonation nanodiamonds involves the following four research areas: decrease in particle size, 
control of particle aggregation during synthesis, optimization of functional surface groups, and controlled 
doping of such particles 1 . The conditions surrounding the synthesis of nanodiamonds have already been 
investigated with a view to controlling particle-size, and modifying the reaction environment and the configura- 
tion of the explosive charges only had a slight influence on the nanodiamond particle-size 2 " 5 . Research into the 
synthesis of detonation nanodiamonds began in the USSR in the Sixties and was later developed in other 
countries 6 . 

The unique properties of the nanodiamond— hardness, thermal conductivity, biocompatibility, photolumi- 
nescence, surface chemistry, electrical insulation — make it a very attractive material for various applications 7 . 
Medicine 7-9 , magnetometry 10 " 12 and sensors 13 are only some of the many fields with applications where nano- 
diamonds may lead to groundbreaking innovations. Although the intrinsic properties of diamonds are already of 
great interest, the main breakthrough should arise from the size of nanodiamond particles 5 . The smallest nano- 
particles are of great importance for fundamental and applicative research. Their physical and chemical prop- 
erties can be modified according to their intended applications. For diamonds with a size smaller than 2 nm, 
theoretical works predict quantum confinement effects due to an increase in the band gap 14 . The diamond 
nanoparticles may help understanding the appearance and the evolution of these quantum effects when decreas- 
ing the size of the particles. The ability to use these particles as quantum dots in applications such as quantum 
computers, cryptography or medical imagery can enable major progress in numerous scientific domains. 

The detonation of high- explosive mixtures with a negative oxygen balance leads to the formation of nanodia- 
monds with sizes of between 2 and 20 nanometres. Their size distributions have a lognormal shape centred at 4 to 
5 nm and with a long trailing edge. When in suspension, only a very small fraction (0.01 wt%) of the smallest 
nanodiamonds (i.e. particle sizes of between 2 and 4 nanometres) can be isolated by ultracentrifugation 15 . 

Despite intensive research focused on the understanding of the diamond-formation process, its fundamental 
mechanisms are still subject to discussion 2 " 416 " 20 . Various possible mechanisms based on thermodynamic 
assumptions, and the evaluation of the final product, were used to explain the nanodiamond formation-mechan- 
isms during the detonation process 417 " 19 . Remarkable works on the subject of nanodiamond formation accomp- 
lished by Titov and co-workers based on in-situ measurements using synchrotron radiation 3,16,20 have investigated 
the detonation process. 

Here we propose a pioneering approach which uses nanostructured explosive charges for the synthesis of 
smaller nanodiamonds. Due to the nanostructure of the explosive, the grain boundaries form a discontinuity in 
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the explosive matrix on a very small scale which strongly influences 
the quality of the synthesized nanodiamonds. These novel experi- 
ments have provided new insight into the comprehension of nano- 
diamond formation. 

Results 

Microstructured and nanostructured hexolites composed of 60 wt% 
of hexogen and 40 wt% of trinitrotoluene were chosen as the explos- 
ive formulation due to the fact that they provide the highest nano- 
diamond output. By means of careful preparation, explosive pressed 
charges with the same composition (60.2/39.8) and the same density 
(1.67 g.cm" 3 ) were obtained. Scanning Electron Microscopy (SEM) 
images of the explosive charges shown in Fig. 1 reveal a strong dif- 
ference between microstructured and nanostructured explosive 
charges. 

The microstructured charge exhibits large TNT and RDX particles 
with sizes between 5 and 100 um, while in the nanostructured charge 
the particle size is between 50 and 200 nm. 




Figure 1 | Explosive charge structures, (a), Photograph of the explosive 
charge, (b-e), SEM micrographs of the microstructured (b-c) and 
nanostructured (d-e) explosive pellets showing enlarged views of the 
samples, (f-g), Raman mapping of the microstructured (f) and 
nanostructured (g) explosive pellets. 



Using Raman spectroscopy, RDX and TNT can be differentiated 
by means of their spectral signatures. The intensity of the signal 
located at 1618 cm" 1 corresponding to the C=C aromatic stretching 
vibration in TNT, and the band at 1272 cm" 1 corresponding to the 
N-O stretching in RDX, have been selected to indicate the distri- 
bution of both explosives in the different samples 21 ' 22 . 

Raman spectroscopy mapping shows a much more homogeneous 
distribution of RDX and TNT in the nanostructured charge than in 
the microstructured charge (Fig. If and lg). The TNT (green) and 
RDX (red) signals reveal a uniform distribution of both components 
in the nanostructured charge, whereas the microstructured charge is 
dominated by micron- sized TNT and RDX regions. Due to the lim- 
iting resolution of Raman spectroscopy, individual RDX and TNT 
particles could not be discriminated by this technique. Certain 
Raman spectra may result from the superposition of multiple part- 
icles; however, this technique does reveal the homogeneity degree of 
the explosive charges. 

X-Ray Diffraction (XRD) patterns of the microstructured and 
nanostructured hexolites are quite similar (Fig. 2), indicating that 
the nanohexolite is composed of individual TNT and RDX particles 
and neither co- crystallization nor core-shell structures occurred. It 
can be noticed that an enlargement of the diffraction peaks of TNT 
and RDX is observed, indicating finer elementary crystallites in the 
case of nanostructured hexolite. 

After firing both charges, detonation soot was recovered and char- 
acterized. Transmission Electron Microscopy (TEM) images clearly 
show that smaller nanodiamonds were formed by the nanostruc- 
tured charge (Fig. 3). 

Particle-size distribution curves from the collected nanodiamonds 
were obtained for the nanostructured and the corresponding micro - 
structured charge by a careful statistical evaluation of the size of more 
than 500 individual particles for each sample (the dimensions of 
nanodiamonds were manually measured by 4 different persons, 
ensuring the validity of the results). The nanodiamond particle-size 
distribution obtained from the nanostructured hexolite is narrower 
and therefore more homogeneous than in the case of the microstruc- 
tured charge, in which nanodiamonds with sizes of over 10 nm can 
be obtained. Their mean particle diameters are 4.2 and 6.3 nm 
respectively. In both cases, lognormal law allows representation of 
particle size distribution. 

The cumulative frequencies were calculated from the size distri- 
bution data of both samples. Two main results can be highlighted: 

- For the nanostructured charge, the fraction of nanodiamonds 
having a size of below 3 nm is nearly 20%, in contrast to only 
4% of those formed by the microstructured charge. 
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Figure 2 | Diffraction patterns of explosive materials. XRD patterns of 
nanostructured (red) and microstructured (black) hexolites. 
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Figure 3 | Nanodiamonds synthesized from nanostructured and microstructured explosives, (a-d), TEM micrographs showing nanodiamonds 
obtained from microstructured (a, b) and nanostructured (c, d) explosive charges. Inset in (a and c) Electronic diffraction patterns showing the 
diffraction ring of the (111), (220), and (311) diamond planes (dhki = 0.207 nm, 0.125 nm, 0.107 nm). (e), Size distributions and cumulative frequencies 
for both samples. 



- The largest nanodiamonds formed by the nanostructured charge 
have a size of about 8 nm, whereas in the microstructured charge, 
nanodiamonds with sizes up to 23 nm could be found. 

XRD experiments were conducted on the obtained nanodia- 
monds, the elementary crystallite sizes were measured by using the 
Scherrer equation on the diffraction peak of the (111) planes of 
diamond giving 2.9 nm and 4.7 nm for the nanodiamonds synthe- 
sized by the nanostructured and the microstructured explosive 
charge respectively. By taking into account the fact that there may 
be one graphitic layer or fullerene-like structure on the nanodia- 
mond surface, 0.6 nm in diameter have to be added to the diamond 
crystalline particle measured by XRD, leading to particle sizes of 3.5 
and 5.3 nm respectively which is in good agreement with the mean 
size of the size distribution. 

Dynamic Light Scattering (DLS) measurements were performed 
on suspended nanodiamond samples (Fig. 4a), indicating a smaller 
and narrower particle size distribution in the case of the nanodia- 
monds synthesized by the nanostructured explosive. Atomic Force 
Microscopy (AFM) measurements were achieved on ultracentrifu- 
gated suspensions in order to definitely prove that the proportion of 
finest nanodiamond particles was significantly higher in the sample 
synthesized from nanostructured explosive charge (Fig. 4b). The 
density of individual small particles is around 50 times higher in 
the case of the nanodiamonds synthesized by the nanostructured 
explosive indicating that these nanodiamond particles are easier to 
deaggregate by conventional techniques. 

Numerous studies investigated the size dependent of the nanodia- 
mond particles 14 ' 23 " 25 . Barnard and collaborators found that the 
higher stability of nanodiamond particles is in the range of approxi- 
mately 1.9 - 5.2 nm 23 . Ab initio calculations showed that for nano- 
diamond with sizes up to 1 nm, dehydrogenated octahedral and 
cuboctahedral nanodiamonds represent unstable morphologies 
leading to preferential graphitization and exfoliation of the (111) 
surface) 24 . Raty and coworkers calculations showed that nanodia- 
monds with size in the 2-4 nm range exhibit a hybrid structure called 
bucky diamond made of nanodiamond core and a fullerene-like 
surface 14 . Raty also demonstrates by ab initio calculations that for 
nanodiamonds with sizes down to 3 nm it is energetically more fa- 
vorable to have a bare, reconstructed surface rather than hydroge- 
nated surface 25 . In the light of these works, it is clear that the smallest 
nanodiamond with sizes down to 2 nm can be energetically stable. 
The nanodiamond particles are probably covered by fullerene-like 



structure, further investigations will be carried out in order to deter- 
mine the surface structure of the nanodiamonds on a local scale. 

All the previous results clearly demonstrate the advantages of 
nanostructured explosive charges over microstructured charges, par- 
ticularly in the formation of smaller nanodiamonds and the 
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Figure 4 | Analysis of the nanodiamond particle sizes, (a), DLS 
measurements on nanodiamond suspensions prepared from 
nanodiamonds obtained by detonation of nanostructured explosive charge 
(red) and microstructured one (black), (b-c), AFM images obtained from 
supernatant of nanodiamond suspension submitted to ultrasonic stirring 
and ultracentrifugation, (b), nanodiamonds synthesized from 
microstructured explosive charge, (c), nanodiamonds synthesized from 
nanostructured explosive charge. 
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obtaining of narrower particle-size distribution. This striking discov- 
ery furthers understanding of this type of synthesis as it opens the 
synthesis route for ultra- small detonation nanodiamonds for use in 
various target applications such as quantum computers, biology, 
electronics and Optronics which necessitate ultra-small diamonds. 

The studied nanostructured explosive and further nanostructured 
formulations were prepared by means of the nanocrystallization 
process 26 ' 27 . Depending on the RDX/TNT ratio in the initial solution, 
the particle size of the nanostructured explosive varied. While hex- 
olite 40/60 and 60/40 have a median particle size centred at 100 nm, 
the hexolite 80/20 reveals noticeably larger particles with occasional 
particles reaching sizes of up to 1 um (Fig. 5). It was observed that the 
higher the TNT ratio in the explosive composition, the smaller 
the resulting explosive particles. For both 40/60 and 60/40 ratios, 
the explosive particles exhibit very narrow size distributions. 
Nanodiamonds synthesized from these nanostructured explosive 
formulations are very similar in size and distribution, whereas with 
the 80/20 ratio, the cumulative frequency exhibits larger particles 
which are comparable with the nanodiamonds obtained from the 
60/40 microstructured charge. 

Until now, different research groups worldwide have performed 
the detonation nanodiamond synthesis using classic micron-sized 
explosives. These explosive charges are usually obtained through 
one of two different processes: 

- Compression of micrometric TNT and RDX grains with the even- 
tual adding of a binder in order to improve its mechanical char- 
acteristics. 

- Casting in which micrometric RDX is dispersed in molten TNT at 
about 85°C. After the homogenization of the mixture, the disper- 
sion is allowed to slowly cool down to room temperature. 

In both cases, the explosive matrix was composed of individual 
particles and cross-linked structures which were larger than ten 
micrometers. 



Discussion 

In 1989, Titov and co-workers studied the formation-mechanisms of 
nanodiamonds and raised the question of the influence of the homo- 
geneity of the high-explosive mixture 2 . At the moment of detonation, 
the thickness of the relevant diffusion layer for carbon clusters was 
calculated to be of around 0.6 urn for 1 nm nuclei at 3000 K and a 
reaction time of 0.5 |is. Because of the small thickness of the diffusion 
layer compared to the micron-sized dimensions of the explosive 
matrix (5 to 100 microns), the formation of the nanodiamonds 
occurred independently of the composition and structure of the 
explosive charge. In this case, the diffusion zone, being noticeably 
smaller than the particle size, represents only a small fraction within 
an explosive particle. 

In our case, the preparation of the charge was performed by press- 
ing the nanostructured explosive at room temperature in order to 
preserve the nanostructure. Reverting to the thesis of Titov, the dif- 
fusion zone in our case comprises several individual particles of TNT 
and RDX. 

As the TNT contains a high number of carbon atoms, it is widely 
accepted that most of the carbon atoms forming the detonation 
nanodiamonds originate from this molecule. In the nanostructured 
explosive charge, the TNT particles are of nanometric or submicro- 
metric size. In the instant of decomposition, the diffusion of the 
carbon nuclei will be inhibited by the grain boundary of the TNT 
particle and the reaction products of neighbouring RDX particles 
which also act as a diffusion barrier. 

Therefore, the interactions of the TNT decomposition products 
are limited to a single TNT particle and so limit the size of the 
resulting nanodiamond particles. In the case of nanostructured 
explosives, the diffusion zone is limited to the size of the explosive 
particles (Fig. 6), due to the discontinuity of the explosive charge at 
the nanometric scale. 

In the case of the 80/20 hexolite charge, particles with sizes around 
600 nm were observed (Fig. 3), being close to the size of the diffusion 
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Figure 5 | Nanostructured explosives and the corresponding synthesized nanodiamonds. (a-c), AFM micrographs of the 40/60 (a), 60/40 (b) and 80/20 
(c) nanostructured hexolite. (d), Size distribution of the three nanostructured explosives, (e), Cumulative frequencies of the nanodiamond sizes obtained 
from each explosive charge. 
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a 40/60 nanostructured hexolite 



c 80/20 nanostructured hexolite 




Figure 6 | Diffusion zone for nanostructured and microstructured explosive charges, (a-c), Nanostructured hexolites. (d), Micro structured hexolite. 
The red and the grey particles are TNT and RDX respectively. The black circles indicate the actual diffusion zone. For nanostructured explosives the 
diffusion zone is limited to the size of one TNT particle due to the discontinuity of the charge. 



zone described by Titov. Larger diamond nanoparticles, with a size 
close to the diamonds obtained from the microstructured charge, 
were obtained. This last result corroborates the diffusion zone model. 

A comparison of nanodiamond syntheses using nanostructured 
and microstructured explosives was performed. The detonation of a 
nanostructured explosive charge formed smaller nanodiamonds 
than those synthesized by a microstructured charge. Moreover, these 
experiments allowed the development of a new approach to the 
understanding of the mechanisms which form detonation nanodia- 
monds. Indeed, we have proven that a direct relation exists between 
the size of the explosive particles and the size of the synthesized 
nanodiamonds. 

These results have two major consequences: First, the synthesis of 
very small nanodiamonds will open new opportunities and lead to 
breakthroughs in various disciplines. The second concerns the 
understanding of detonation mechanisms on the nanoscale. Until 
now, detonation theory was only considered on a macroscopic scale; 
this novel approach should give new insights into the properties of 
nano- explosives and the mechanisms involved during detonation. 

This approach can also be applied to other materials, nano-oxides 
for instance, which are obtained via the bottom-up detonation syn- 
thesis route. 

Methods 

Preparation of hexolites. The preparation of nanostructured hexolite was achieved 
through the flash-evaporation process, a nanocrystallization technique developed at 
the ISL 26,27 . The nanostructuration and the mixing of the components occur 
simultaneously, and a homogeneous distribution of both explosives is obtained in the 
final product. 

All types of nanostructured hexolite with varying ratios of RDX and TNT were 
prepared in the same manner from a 1 wt% acetone-explosive solution. While the 
total mass of the dissolved material remained constant, the ratio of RDX to TNT was 
changed accordingly. 

Using an overpressure of 40 bars, the acetone-explosive solution was atomized into 
a vacuum atomization chamber by means of a hollow cone nozzle with a 60 um 
nozzle-diameter. The temperature of the nozzle was kept constant at 160°C. A 
vacuum pump maintained a constant pressure of 5 mbar in the atomization chamber. 

Applying such a high temperature to the acetone-explosive solution causes its 
instantaneous evaporation once it is atomized into the vacuum atomization chamber. 
The crystallized explosive particles were separated from the gas flow by means of two 
parallel axial cyclones, which were used alternately to enable continuous operation. 
The ratio of RDX to TNT was unaffected by the nanocrystallization process. The 
micron- sized hexolite was prepared by physically mixing micron- sized RDX and 
TNT for 30 minutes by using a rotating mechanical agitator. 



Charges and firing. For each explosive charge, five pellets with lengths and diameters 
of 15.8 mm (L/O = 1) were obtained through compression of pulverent hexolite at 
room temperature for 10 minutes in order to obtain the same density (1.67 gem" 3 ). 
These pellets were cemented together using pyrotechnic glue to form the final 
explosive charge. The explosive charges were placed in a water-filled pocket and fired 
inside a detonation tank. 

Hexolite and nanodiamond characterization. The morphologies of the hexolites 
were observed by Scanning Electron Microscopy (5 kV, DSM 982 Gemini SEM, 
Zeiss) and by Atomic Force Microscopy (Nanoscope IV, atomic force microscope, 
Veeco Metrology Group) using a Veeco 'RTESP' (Rotated Tip Etched Silicon Probe) 
AFM probe. This probe has a silicon cantilever with a length of 125 um, a width of 
35 um and a thickness of 4 um. The tip has a curvature radius of about 10 nm. SEM 
was mainly chosen for a large general view of the sample, as the SEM conditions may 
partially deteriorate the explosive particles. AFM measurements were performed in 
order to determine the real particle size and morphology of the nanostructured 
explosives. Concerning nanodiamonds imaging by AFM, a Veeco 'FESP' (Force 
Etched Silicon Probe) AFM probe was used, the nanodiamonds were deposited on 
atomically flat mica. Raman spectroscopy was conducted with a Renishaw in Via 
Raman microscope equipped with a 514 nm laser. XRD was performed on a Bruker 
D8 Advance powder diffraction spectrometer with Cu Ka x radiation (I = 0. 154 nm). 
Transmission Electron Microscopy (TEM) micrographs and electronic diffraction 
were obtained with a Philips CM200. Suspensions of nanodiamonds synthesized 
from nanostructured and microstructured hexolites (60/40) were prepared at a 
concentration of 1 g.L" 1 and submitted to one hour of ultrasonic stirring and 
ultracentrifugation. The size distributions of the nanodiamonds present in the 
supernatant of the resulting suspensions were analyzed by Dynamic Light Scattering 
(Malvern zetasizer NanoZS). 
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